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ABSTRACT 
Objectives: To evaluate the effect of sintering time and temperature on the optical 
property, grain size, and mechanical property of various translucent zirconias. The 
specific aims are to compare the contrast ratio, grain size, and biaxial flexural strength of 
four different monolithic translucent zirconia materials using different coloring liquids. 
Materials and methods: For the test of the effect of sintering parameters on translucent 
zirconia materials, commercial TOSOH Y-TZP powders, Zpex and Zpex Smile were 
uniaxial dry-pressed in a mold, yielding 1.3 mm thickness discs. They were presintered 
using either a short or a long duration and then sintered at different final temperatures 
(1300 °C, 1450 °C, 1600 °C). Biaxial flexural strength was measured using an Instron 
Universal Testing machine.  Contrast ratio was measured with a spectrophotometer. 
Grain size was measured on scanning electron microscopic (SEM) micrographs using 
ImageJ software. For the test of the effect of coloring liquids on contrast ratio, four 
different monolithic translucent zirconia blocks were sectioned into 1.3 mm thickness 
tiles. Coloring liquids of two shades (A2, D3) for each corresponding brand and Tanaka 
 vi 
Zircolor dipping liquids were used for coloring the zirconia. For the same brand coloring 
liquid, Bruxzir HT was colored by BruxZir Coloring Liquid, Crystal Diamond Zirconia 
by Crystal color, Zenostar Zr translucent by Zenostar color Zr, and Zirkonzhan 
translucent by Zirkonzahn  prettau aquarelle. A spectrophotometer was used to measure 
contrast ratio. For the test of the effect of coloring liquids on flexural strength, four 
different monolithic translucent zirconia milling blocks were sectioned into bars 1.5mm x 
2 mm x15 mm, and colored into shade A2 with their manufacturers coloring liquid and 
Tanaka Zircolor liquid. A three-point bend test was performed using an Instron machine.  
Data was analyzed by JMP Pro 13 using multifactorial linear regression and ANOVA 
post hoc Tukey HSD test. The effects of difference factors and differences between 
groups were compared. The P-values less than 0.05 were considered statistically 
significant. 
Results and conclusions: The contrast ratio and biaxial flexural strength of Zpex is 
significantly greater than Zpex Smile. There is a significant difference in contrast ratio 
and biaxial flexural strength between different presintering cycles and final sintering 
temperatures. The grain size of Zpex Smile discs was significantly greater than Zpex 
discs. The final sintering temperature, material and their interaction have significant 
effects on the grain size while there is no significant effect on the grain size by different 
presintering cycles. The contrast ratio of Bruxzir HT, Crystal diamond Zirconia and 
Zirkonzahn translucent is significantly greater than Zenostar Zr tanslucent. There is 
significant difference in contrast ratio with different shades and coloring liquid brands. 
The highest contrast ratio was seen when the material was colored with Tanaka shade D3. 
 vii 
The flexural strength of Bruxzir HT and Crystal Diamond Zirconia was significantly 
greater than Zenostar Zr translucent and Zirkonzahn translucent. There was a significant 
difference in flexural strength between unaltered and colored Zirconia with Tanaka 
coloring liquid. The highest flexural strength was seen when the unaltered material was 
sintered. 
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CHAPTER 1: INTRODUCTION 
 
Development of highly esthetic permanent restorations is not a new aspiration. 
Land came up with the very first all-ceramic crown in the year 1886. All ceramic crown 
was the most esthetic full-veneer restorative material in dentistry for a long time. Dental 
materials researchers started manufacturing and advertising metal-ceramic restorations in 
the mid1900s. The metal-ceramic restorations were strong and accurate because of the 
cast metal and were esthetically pleasing due to the ceramic (Church et al. 2017). 
Despite the fact that metal-ceramic restorations have superior features, the opaque 
structure of the metal framework, metal allergies, metal reflection on gingiva and 
corrosion issues associated with non-precious metals lead clinicians to use all-ceramic 
restorations for their patients (Tuncel et al. 2013) 
Growing esthetic expectations and technological enhancements have resulted in 
the use of various materials with perfect mechanical properties that are biologically and 
esthetically acceptable as substitutes to metal-ceramic restorations (Sermet, Cinar & Sen 
2018). 
Glass ceramic restorations without metal substrates allowed additional light 
transmission, and hence they enhanced the capability to recreate the look of a tooth 
structure. Despite the esthetics of glass-ceramics, the demands for stronger ceramic 
restorations have increased (Kim et al. 2016). 
Lately, new dental restorative materials have been introduced such as Silica-based 
ceramics and polycrystalline ceramics as zirconia and densely sintered alumina. As 
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compared to other dental ceramics, Zirconia has got the best mechanical properties, 
which include; fracture toughness and flexural strength.; Hence, it can be used for both 
single tooth and multi-unit reconstructions in all regions including the molar area. 
Clinical researches have shown that zirconia is a highly appropriate material for the fixed 
dental prosthesis (Stawarczyk et al. 2014) (Park & Nam 2017). 
The primary color of yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) is 
opaque white to ivory. Both the stabilized and unalloyed forms of zirconia have a high 
refractive index. (Halloway, Denry & Shah 2008). In order to improve esthetics and 
overcome the opacity of zirconia, porcelain was used to veneer the zirconia. (Ebeid et al. 
2014). 
Nonetheless, there are quite some shortcomings facing the bilayer systems of 
veneered Y-TZP. These shortcomings include the multistep process of fabrication, 
delamination, and veneer chipping (Tong et al. 2016). Recent research stated that veneer 
chipping is the most common complication of zirconia-based fixed dental prosthesis 
(FDP) and this increases with an increase in the number of units on the dental prosthesis. 
This can be solved by changing the sintering schedule to account for zirconia’s low 
thermal conductivity. Moreover, it has also been recommended that veneer support can 
be increased through altering the design of the frameworks (Huh et al. 2017). 
Another way to improve esthetics and solve the issue of porcelain chipping is to 
fabricate a full contour zirconia restoration. This technique has been frequently used for 
the molar area because of its high strength and improved color compared with metal 
ceramics. (Park & Nam 2017).  Due to Zirconia’s favorable mechanical properties it was 
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reported that monolithic zirconia was the most prescribed material for posterior single 
crowns, in a survey conducted in 2015 (Makhija et al. 2016). 
Several new brands of monolithic zirconia have been introduced to achieve 
restorations with high translucency and high mechanical properties; The Translucent 
Zirconia materials have significantly broadened the range of their use in dentistry because 
of the improved esthetics and various coloring technologies (Elsaka 2017)  
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1.1 Zirconia 
Zirconium (Zr) is a shiny, ductile, soft and silvery metal as a raw material. Its 
oxide is used in dentistry and referred to as zirconium dioxide (ZrO2). 
In general, Zirconia is obtained after an expensive production and purification 
process. When the whole process is finished, zirconia comes out as a white high-fusing 
crystalline powder. It exists in monoclinic, tetragonal, and cubic phases (Stawarczyk et 
al. 2017). At room temperature, the monoclinic form is stable. Between a temperature of 
1170 °C and 2370 °C the tetragonal form is stable and above 2370 ℃ to 2680 °C (melting 
point) the cubic form is stable (Shah, Holloway, and Denry 2008). 
When zirconia is in its tetragonal form, it has the best mechanical features 
compared to the other two forms. A number of different oxides such as MgO, Y2O3, CaO 
or CeO2 are used to stabilize the tetragonal phase when at room temperature.  Controlling 
the amount of the stabilizer determines the transformability, phase stability, and 
mechanical properties. 3 mol % yttria-stabilized tetragonal zirconia polycrystalline (3Y-
TZP) has higher mechanical properties because it has a fine grain size coupled with the 
tetragonal-to-monoclinic phase transformation. This transformation brings about 
increased volumes of between four to five percent which halts propagation of the crack at 
its tip, inhibiting further crack propagation (Tong et al. 2016). 
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1.1.1 Generations of zirconia 
Tetragonal, partially stabilized zirconia is also referred to as conventional zirconia 
(first generation). Due to the existence of alumina in the formulation, this generation is 
opaque.  Alumina is added as a sintering aid to assist in the prevention of pore formation 
when the green-state zirconia is put inside the furnace. Moreover, alumina segregates to 
grain boundaries, and it helps in tetragonal zirconia stabilization. Alumina and zirconia 
have varying indices of refraction. Therefore, the content of alumina is likely to decrease 
the in-light transmission when it is added to the zirconia  (Kwon et al. 2018). 
The second generation of zirconia was introduced in the year 2012-2013. The 
alumina content was decreased from 0.25wt% to 0.05wt%. This 0.05wt% alumina- 
containing 3Y-TZP is more translucent than 0.25wt% alumina-containing 3Y-TZP.  
Nonetheless, it is more affected by low-temperature degradation because there is less 
alumina to stabilize the tetragonal phase (Stawarczyk et al. 2017; Kwon et al. 2018). 
Second-generation zirconia was still more opaque than glass-ceramics, and as an 
aspiration for additional translucent zirconia, third-generation zirconia was launched at 
the International Dental Show In 2015.  In comparison to the first and second generation, 
this latter zirconia is metastable in the tetragonal phase and comprises a cubic-phase 
proportion ranging all the way to 53%. This zirconia is therefore referred to as a fully 
stabilized zirconia which has a mixed cubic/tetragonal structure. The cubic portions were 
reached through a higher concentration (approximately 9.3wt%/5 mol%) of yttrium 
oxide. There is a higher amount of yttrium oxide in cubic crystals in comparison to 
tetragonal ones. Thus, light scatters weakly at the residual porosities and grain boundaries 
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resulting in a more translucent state. Moreover, the cubic crystal structures are more 
isotropic than the tetragonal ones, which means that incident light is emitted more evenly 
in all spatial directions (Stawarczyk et al. 2017). 
 
1.1.2 Machining and sintering of zirconia  
 Two machining methods can be used to fabricate CAD/CAM zirconia dental 
restorations. They are, soft machining of pre-sintered blanks, or hard machining of fully 
sintered blanks. 
 
1.1.2.1 Soft machining of pre-sintered blanks 
Direct ceramic machining of pre-sintered 3Y-TZP has been widely employed in 
the dental industry since its development. The wax pattern or die is scanned, then 
computer software (CAD) is used to design an enlarged restoration. With that design, a 
pre-sintered ceramic blank is then milled by computer-aided machining, and finally, the 
restoration is sintered at a very high temperature. 
The powder that is typically used to fabricate the blanks contains a binder which 
enables it to be more suitable for pressing. It is eliminated at the pre-sintering phase.  
This phase has to be monitored with a lot of care by the manufacturers.  If the heating 
rate is too fast the elimination of the binder and related burn out products may result in 
cracking of the blanks. For that reason, slow heating rates are preferred.  
Choosing suitable pre-sintering temperatures is very critical because it impacts on 
the machinability and hardness of the blanks.  Therefore, specially programmed furnaces 
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are used to control the sintering temperatures. The shrinkage of the material starts at 1000 
°C and goes up to 25%. Sintering conditions are product-specific. The final sintering 
temperatures that range from 1350 °C – 1550 °C, with dwell times between 2-5 hours, 
result in very high densities that are more than 99% of the theoretical density. The initial 
chemical composition of the 3Y-TZP powder can lead to discrepancies in the sintering 
conditions. For instance, adding small amounts of alumina has been found to aid sintering 
by enabling use of lower sintering temperatures and shorter durations. 
 
1.1.2.2 Hard machining of 3Y-TZP 
The preparation of Y-TZP blocks is done by presintering at a temperature which 
is under 1500 °C, to attain a minimum density of 95% of the theoretical density.  
After that, hot isostatic pressing at temperatures of 1400 °C -1500 °C is used for 
processing of the blocks in an inert gas atmosphere. Once cooled to room temperature, it 
can be machined by a special milling system. The milling system needs to be strong 
since the fully sintered Y-TZP is very hard and its machinability is low. 
 
1.1.2.3 Sintering 
Variations in the sintering parameters of zirconia can have a direct impact on its 
microstructure and features. The magnitude of this impact has attracted attention in the 
field of dental research especially after manufacturers introduced short sintering cycles 
(Ebeid et al. 2014). 
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Sintering time, sintering temperature, and metal oxide addition all affect the grain 
size and hence the optical and mechanical properties of zirconia. The grain size of 
zirconia ranges roughly between 0.2 and 0.3 μm. If it were above 1 μm, which is the 
critical size, zirconia would be less stable and more prone to spontaneous tetragonal-to-
monoclinic transformation. Smaller gain size is related to a lower transformation 
proportion.  Also, increasing the grain size might increase the number of internal cavities, 
thus reducing the mechanical properties of the material which might decrease the strength 
gradually  (Ersoy et al. 2015; Nam and Park 2017). 
Alteration of sintering factors and the resulting enlargement of the zirconia grain 
size can change the porosity and nonmetric microstructure of the material.   In addition, 
by raising sintering time and temperature, zirconia becomes translucent and displays 
desirable esthetic results. Thus, many zirconia manufacturers tend to increase the final 
sintering temperature with the expectation of improved translucency (Ilie and Stawarczyk 
2014; Stawarczyk et al. 2013; Jiang et al. 2011; H. Zhang et al. 2011). 
 
1.2 Translucency 
 Translucency is one of the significant factors responsible for matching the color 
of restorative materials with natural teeth. It was first described by Johnston et al. in 
1995.  It is defined as the color difference of a material in a given thickness over white 
and black backgrounds, and corresponds directly to common visual assessments.  
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The amount of transmitted and reflected light depends on the crystal amount 
within the core matrix, their chemical nature, and the particle size compared to the 
incident light wavelength. 
The number of crystals within the core matrix, its chemical nature, and the size of 
the particles in relation to the incident light wavelength affect the quantity of light that is 
transmitted. Particles that have the same size as the light wavelength exhibit the highest 
scattering effect. The amount of scattering is altered by both the chemical nature of the 
particles (leading to absorption) as well as the relative refractive index of the particles to 
the matrix (Vichi et al. 2011). 
Translucency is usually expressed by contrast ratio (CR) and translucency 
parameter (TP). The CR is defined as the ratio of illuminance (Y). It is computed from 
the color space system Yxy, where Y=luminosity, x=hue, and y=chroma, as a reflectance 
ratio (Yb/Yw ), where Yb is the reflectance when the specimen is placed on a black tile 
and Yw is the reflectance when the specimen is placed on white tile, and where 0 is most 
translucent, and 1 is most opaque. 
The TP is defined as the color difference determined from the L*a*b* values, 
between a uniform thickness of a material over a white and black backing. It is calculated 
according to the equation: 
TP = [(L∗w − L∗b)2 + (a∗w − a∗b)2 + (b∗w − b∗b)2]1⁄2 
The subscript w refers to color coordinates CIELAB with the white backing and 
the subscript b refers to those with the black backing. The higher the TP value, the less 
translucent the material (Sulaiman, Abdulmajeed, Donovan, Ritter, et al. 2015). 
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CIELAB (CIE L*a*b*) is a mathematical color evaluation system. The 
International Commission on Illumination (called CIE) completed the first phase of 
CIELAB in 1931. It initially was developed as an objective, color evaluation method 
using a light source, a specimen, and an observer. In 1976, the CIE defined a color space, 
the CIELAB system. It compares a sample to a standard and makes a numerical 
determination based on the perceived color difference.  
Using the three coordinates (L*a*b*) of the CIE-LAB system, a shade is 
determined based on the standardization of the light source and the observer. L*, 
Lightness, is he vertical scale, starts from 0 as black and runs to 100 as white. In this 
system, a* and b* are not described numerically, instead positive and negative signs of 
green and red for a* are used, and yellow and blue for b*.  
Different instruments can be used to measure the translucency of dental materials, 
such as spectrophotometers and spectroradiometers. 
Spectrophotometers are frequently used to measure surface colors. They measure 
the transmittance or the reflectance through materials as a function of wavelength. They 
are constructed to measure the ratio of the light reflected from a specimen to the light 
reflected from a white reference across the visible spectrum at intervals of 5, 10, or 20 
nm. The results are expressed as a spectral reflectance function. Spectrophotometers can 
analyze the principal components of a series of spectra and convert spectrophotometric 
measures to various color measures (Spyropoulou et al. 2011). 
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1.2.1 Zirconia translucency 
Due to the increased esthetic requirements and needs for both dental professionals 
and patients, a large number of all-ceramic systems were recently introduced.  The 3Y-
TZP ceramic system has generated considerable interest in the dental felid as a result of 
its distinctive mechanical properties and excellent biocompatibility. 
In the beginning, 3Y-TZP ceramic systems were considered to be opaque 
materials due to their high refractive index (n = 2.1–2.2), low translucency in the visible 
and infrared spectral regions, and low absorption coefficient.  
The translucency of Zirconia is often attributed to some of its microstructural 
characteristics, such as particle size, which is slightly more than the wavelength of the 
incident light, the density (residual porosity < 0.05%), and the homogeneity. 
Material translucency depends on its scattering (μs) and absorption (μa) 
coefficients as well as on the material thickness. The dentin scattering and absorption 
coefficients are higher than for enamel and do not change significantly with wavelength. 
Few reports are available on the scattering and absorption behavior of dental zirconia. 
One of these studies stated that zirconia (sintered LAVA™ Zirconia) showed a scattering 
angular behavior more similar to the human dentin than to other dental restorative 
materials and that a thicker (0.5 mm) sample allowed a less directed scattering profile 
than a thinner sample (0.3 mm)  (Pecho et al. 2015). 
The translucency of Y-TZP has been improved after a decade of research and 
development by reducing alumina content, reducing grain size and the presence of 
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optically isotropic cubic zirconia particles to decrease grain boundary light scattering 
(Elsaka 2017; Y. Zhang 2014). 
 
1.2.2 Coloring Agents and Translucency in Zirconia 
Producing tooth-colored monolithic zirconia has been a challenge because of the 
opaque white and semi-translucent appearance of the material. The optical and 
mechanical properties of zirconia can be influenced by coloring that might produce 
microstructural and crystallographic changes in the material. 
Three main methods are now available to obtain shaded zirconia for dental 
purposes: first, at the production stage, oxides can be mixed with the ZrO2 powder to 
obtain pre-colored green-stage blocks. Second, before sintering, infiltration of green-
stage frameworks can be done with specific coloring liquids. It was demonstrated that 
coloring solution concentration affected the final shade, while the duration of the 
immersion had no significant effect. Third, after sintering, liners that require firing in a 
traditional dental ceramic furnace can be used to paint zirconia. However, the last 
approach has been considered a weak link in the zirconia veneering procedure for few 
commercial systems and has been reported to be one of the possible reasons for the 
delamination of the zirconia veneering ceramic (Sedda et al. 2015). 
The painting technique uses two coloring liquids which include aqueous and acid-
based coloring liquids. Normally, the acid-based coloring liquids contain 0.1wt% HCl 
(pH 1-3), a strong acid which diffuses colors to zirconia through an acid-base reaction. 
Acidification of the coloring liquid assists the metal salts penetrate deeper into the 
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zirconia framework because certain metal salts can only be liquefied in acid. Aqueous 
coloring liquids lack acidic ingredients and produce color through filtering metal cations 
into porous zirconia frameworks. 
Aqueous coloring liquids have long-term stability even without pigment-
stabilizing agents because high pH values  (Tuncel, Turp, and Üşümez 2016) are needed 
for hydrolysis of rare earth metal ions. Aqueous coloring liquids are also less harmful to 
use because less acidic fumes are released during the application and sintering processes. 
For this reason, aqueous coloring liquids could be a good alternative to acid-based 
coloring liquids (Nam and Park 2017). 
Coloring liquid has been reported to decrease zirconia framework translucency. 
The coloring technique may change the shade intensity and therefore translucency of the 
material (Kurtulmus-Yilmaz and Ulusoy 2014).  Kim et al.  tested the optical properties 
of newly marketed pre-colored monolithic zirconia and compared them with those of 
veneered zirconia, non-colored zirconia and lithium disilicate glass ceramic. They stated 
that pre-colored zirconia color was more stable and homogenous than non-colored 
zirconia (Kim and Kim 2014). 
 
1.3 Flexural Strength 
Mechanical strength is an important factor for dental restorations, and there are 
several methods to evaluate the mechanical properties of dental ceramics, such as the 
compressive test, tensile test, flexural test, fracture toughness test, hardness test, and 
diametral tensile test. A brittle material such as dental ceramic is much stronger in 
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compression than in tension.  Thus, when it comes to testing brittle materials, tensile 
strength is more valid property.  
However, the flexural test is the most favored not only for dental ceramics but 
also for dental polymers and cements because of its relatively simple specimen 
preparation procedure. Moreover, there are no complex sample grips needed (Jin, 
Takahashi, and Iwasaki 2004). 
 
1.3.1 Assessment of Flexural strength 
Flexural strength of ceramic materials can be tested by either uniaxial (e.g., three- 
or four-point bending of beams) or biaxial flexural tests (e.g., piston-on-ring, ball-on-
ring, piston-on-three-ball, and ring-on-ring tests). (Jin, Takahashi, and Iwasaki 2004) 
The uniaxial flexural test is a standard for strength testing of dental ceramics because of 
its relatively easy specimen preparation procedure. Besides, it does not require 
sophisticated specimen grips. However, the weakness of this approach is its inherent 
sensitivity to flaws and defects near specimen edges. Thus, accurate, smooth surface 
finishing and shape of the sample are essential in relation to the outcome. This issue is 
overcome by the use of the biaxial flexural test, which is not altered by such defects  
(Albakry, Guazzato, and Swain 2003). 
In biaxial flexural testing, three balls support a thin disc close to its periphery.   
The disc is loaded through a smaller coaxial ring, a ball or a piston in its central region. 
This exposes the disc to a biaxial moment in its central area, and the stresses are biaxial 
in this region (C. W. Huang and Hsueh 2011). 
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The major difference between the biaxial and the uniaxial flexure testing is the 
sample geometry. It is believed that the use of disc specimens in biaxial flexural testing 
represents a surface to volume ratio closer to that of anatomically contoured dental 
crowns than beam specimens. As a result, the impact of specimen geometry on the 
strength values are reduced (Wagner and Chu 1996). 
 
 1.3.2 Flexural strength and coloring agents in Zirconia 
Coloring metal oxides are used to attain various shades in 3Y-TZP dental 
restorations. These oxides have the ability to lead to crystallographic and microstructural 
changes that could affect the mechanical properties of 3Y-TZP. For instance, doping with 
coloring oxides may alter the grain size and make zirconia less stable, promoting the 
formation of monoclinic zirconia.(Shah, Holloway, and Denry 2008). 
Some oxides, such as CeO2, Pr6O11, Er2O3, Bi2O3, MnO2 and Fe2O3 can modify the 
color of Y-TZP. 
Nonetheless, based on the concentration, the mechanical characteristics of the 
materials can be altered. CeO2 and Er2O3 at low concentration seem to be capable of 
modifying the color of zirconia without decreasing its flexural strength (Sedda et al. 
2015). 
Alikhasi et al. evaluated the effect of different shading of zirconia-based ceramics 
on biaxial flexural strength. The Zirconia was divided into four different groups (A3, B3, 
D3 and uncolored).  They concluded that the staining type could significantly influence 
the flexural strength of Zircona (Alikhasi, Khanmohammadi, and Niakan 2013). 
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Another study was done by Sulaiman et. al.who tested the effect of staining and 
vacuum sintering on optical properties and the biaxial flexural strength of partially and 
fully stabilized monolithic zirconia. They found that after staining, the flexural strength 
increased with fully stabilized zirconia while the strength decreased with partially 
stabilized zirconia (Sulaiman, Abdulmajeed, Donovan, Vallittu, et al. 2015). 
 
1.4 Statement of the Problem  
Obtaining excellent esthetics with monolithic zirconia restorations is challenging. 
The white color of zirconia limits the possibility of a natural-looking restoration. Green-
stage coloring liquids are used to attain shaded zirconia. The influences of coloring 
procedure on the mechanical and optical properties of monolithic zirconia have not been 
fully investigated. 
Previous studies found that the translucency of zirconia can be influenced by 
different factors including the sintering parameters such as final temperature, holding 
time and total sintering duration. It is of great importance to investigate the effect of all 
sintering parameters interaction on contrast ratio grain size and flexural strength of 
translucent zirconia materials. 
 
1.5 Purpose  
The purpose of this study is to evaluate the effect of sintering time and 
temperature on the contrast ratio, grain size and flexural strength of translucent zirconia 
materials and to compare the contrast ratio and flexural strength of monolithic translucent 
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zirconia materials with different coloring liquids  
 
1.6 Objectives 
- Evaluate the effect of sintering temperature on the contrast ratio of translucent 
zirconia materials 
- Evaluate the effect of sintering temperature on the grain size translucent zirconia 
material 
- Evaluate the effect of sintering temperature on the flexural strength of translucent 
zirconia material 
- Evaluate the effect of coloring liquids on the Contrast ratio of different Monolithic 
translucent zirconia materials  
- Evaluate the effect of coloring liquids on the flexural strength of different 
Monolithic translucent zirconia materials 
 
1.7 Null Hypotheses 
- The different sintering time and temperature do not alter contrast ratio of 
translucent zirconia materials 
- The different sintering time and temperature do not alter grain size of translucent 
zirconia materials 
- The different sintering time and temperature do not alter flexural strength of 
translucent zirconia materials 
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- The contrast ratio of Monolithic translucent zirconia materials will remain the same 
after coloring process. 
- The flexural strength of the Monolithic translucent zirconia materials will be 
comparable to each other and will not be affected by the coloring process. 
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CHAPTER 2: MATERIALS AND METHODS 
 
2.1 Translucency, Grain size and Biaxial flexural strength measurement of Tosoh 
Zirconia 
 
2.1.1 Materials 
Two commercial Y-TZP powders, Zpex (lot # ZY302092B ) and Zpex smile  ( lot 
# XY3553192G ) (Tosoh Corporation, Tokyo, Japan) ( Figure 1) were used in the study . 
The properties of the powders are shown in Table 1 and Table 2. 
 
 
A.                B.   
 
Figure 1: Tosoh Zirconia used in the study 
A. Tosoh Zirconia Zpex 
B. Tosoh Zirconia Zpex  
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Table 1: Powder and process characteristics of Zpex and Zpex smile  
Characteristics Zpex Zpex Smile® 
Y2O3 (wt%) 5.2 9.3 
Al2O3 (wt %) 0.05 0.05 
SiO2 (wt %) ≦ 0.02 ≦ 0.02 
Fe2O3 (wt %) ≦ 0.01 ≦ 0.01 
Particle Size (µm) 40 90 
Crystallite Size (µm) 36 36 
LOI wt% 4.0 4.0 
BET m2/g 13 10 
Binder wt% 3 3 
Bulk Density g/cm3 1.2 1.2 
 
 
Table 2: Typical properties of sintered body  
Properties Zpex Zpex Smile® 
Density (g/cm3) 6.08 6.04 
Bending Strength R.T. (MPa) 1,100 600 
Hardness (Hv 10) 1,250 1,250 
Fracture Toughness 5 2.4 
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2.1.2 Methods 
A total of 120 zirconia disk specimens (N=120) were tested in 12 groups based on 
6 different sintering programs and 2 zirconia powders (n=10 per group) (Figure 2) 
 
 
 
Figure 2: Flow chart of Tosoh Zirconia Material Sample  
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2.1.2.1 Fabrication of Tosoh Zirconia Discs: 
A hardened steel die set of 5/8-inch (15.88 mm) internal diameter was used as a 
mold for pressing. A short plug was inserted into one end of the cylinder followed by a 1 
g sample of the ceramic powder (TOSOH-Zirconia ZPEX or TOSOH-Zirconia ZPEX 
Smile) before the long plug was inserted into the other end of the cylinder. A load of 3,000 
Newtons was applied uniaxially using a hydraulic press (Carver Laboratory Press) (Figure 
3). Pressure was released after 5 minutes. Then the green ceramic sample was pushed out 
from the mold, which resulted in a1.6 mm thick disc.  
All the specimens were weighed with an analytic balance and measured for 
diameter and thickness with a digital micrometer before and after sintering.  
 
 
 
Figure 3: Carver laboratory press  
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Briefly, zirconia specimens were placed in the sintering dish, and then covered.  
The furnace was programmed to run a short pre-sintering cycle (Table 3, Figure 5) or a 
long pre-sintering cycle (Table 4, Figure 6) using  a Zircar Lab Furnace Type Hot Spot 
110  (Zircar Zirconia, Inc . Florida, NY, USA), (Figure 4) 
 
 
A.  
 
B.    C.   
Figure 4: Zirconia Disc preparation for sintering 
A. Zirconia Discs in sintering dish 
B. Covered sintering dish inside the Furnace 
C. Zircar Lab Furnace Type Hot Spot 110  
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Table 3: Short presintering program 
Heat rate 
(°C/min) 
Temp 
(°C) 
Holding 
time 
(hrs) 
Heat rate 
(°C/min) 
Temp 
(°C) 
Holding 
time 
(hrs) 
5 600 2 15 1050 1 
 
 
 
Figure 5: Short presintering program 
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Table 4: Long presintering program 
Heat rate 
(°C/min) 
0.83 Heat rate 
(°C/min) 
0.83 Heat rate 
(°C/min) 
0.83 Heat rate 
(°C/min) 
0.83 Heat rate 
(°C/min) 
0.83 
Temp 
(°C) 
300 Temp 
(°C) 
500 Temp 
(°C) 
700 Temp 
(°C) 
850 Temp 
(°C) 
1000 
Hold 
(hrs) 
5 Hold 
(hrs) 
5 Hold 
(hrs) 
1 Hold 
(hrs) 
1 Hold 
(hrs) 
2 
 
 
 
Figure 6: Long presintering program  
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After the groups were presintered, and   the furnace was programmed for the final 
sintering temperature, either 1300 °C (Table 5, Figure 7) or 1450 °C (Table 6 , Figure 8 ) 
or 1600 °C  (Table 7,  Figure 9) 
 
 
Table 5: 1300 °C Final temperature program   
Final sintering 
temperature  
Heat rate (°C/min) 
temperature 
(°C) 
Holding time 
(hrs) 
1300 °C 6.04 1300 2 
 
 
 
Figure 7: Final sintering program (1300 °C)  
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Table 6: 1450 °C Final temperature program   
Final sintering 
temperature  
Heat rate (°C/min) 
temperature 
(°C) 
Holding time 
(hrs) 
1450 °C 6.04 1450 2 
 
 
 
Figure 8: Final sintering program (1450 °C)  
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Table 7: 1600 °C Final temperature program   
Final sintering 
temperature  
Heat rate (°C/min) 
temperature 
(°C) 
Holding time 
(hrs) 
1600 °C 6.04 1600 2 
 
 
 
Figure 9: Final sintering program (1600 °C)  
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The discs experienced almost 20% shrinkage after sintering to have a final 
thickness of 1.3 mm (Figure 10). 
 
 
 
Figure 10: Zirconia specimen after sintering, measuring 1.3 mm thick 
 
 
The discs were polished with a grinder-polisher machine (Buehler, EcoMet® 250 
Grinder-Polisher, Product Number: 497250) (Figure 11) with 45 and 15 microns grit size, 
respectively. Then 6 um and 1 um wheels were used in series with polycrystalline 
suspension spray (Buehler). 
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Figure 11: Buehler, EcoMet® 250 Grinder-Polisher 
 
 
2.1.2.2 Translucency 
Spectrophotometer Color i5 (GretagMacbeth, Regansdorf, Switzerland, version 
7.0.28,) (Figure 12) was used for Reflectance measurements. The spectrophotometer was 
checked for its repeatability and inter-instrument agreement with the X-rite calibrated 
BCRA series II ceramic standards STD29. Measurements were made using CIE LAB, 
illuminant D65, 10 degree observer, at a corrected standard temperature. The machine 
was calibrated with both a white circle tile and standard black trap. After calibration of 
the spectrophotometer, the Specimen was positioned at the center of the 6mm aperture 
held against the view port using tape, allowing light to hit the specimen’s center. the 
software asked to present the standard white circle tile (for reflectance). An average of 
two readings were taken by clicking twice; the software then asked to present the 
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standard black trap and to take a second average of two readings against the black 
background (as a standard). After these readings were taken, contrast ratio was 
calculated. 
 
 
 
Figure 12: Spectrophotometer Color i5 
 
 
2.1.2.3 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) is a type of electron microscopy that 
generates specimen images by scanning it with a high-energy beam of electrons. The 
electrons interact with the atoms producing signals that contain information about the 
sample's surface topography, composition, and other properties such as electrical 
conductivity.  
Selected specimens of each group were glued on aluminum stubs with conductive 
carbon tape, silver painted, Cu taped and then sputter coated with Au/Pd using a sputter 
coater (Hummer II technics, Virginia) so that electrons will be able to leak to ground. 
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Specimens were observed under SEM (Field Emission Variable Pressure Analytic 
Scanning Electron Microscope- FESEM-VP- Hitachi SU6600, with Oxford Instrument 
AZtec X-Max 50 SDD Energy Dispersive Spectrometer, Hitachi High Tech, Oxford 
Instruments) (Figure 13). Secondary electron images were acquired under 10kV 
acceleration voltage at 20 k magnification. Surface topography was observed and grain 
size was directly measured on SE images using ImageJ software. An intercept method 
was used and an actual count of the number of grains intercepted by a test line was 
recorded, 210 measurements were taken for each specimen and then the average of grain 
size was calculated. 
 
 
 
Figure 13: Scanning electron microscope  
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2.1.2.4 Biaxial flexural Strength Test 
The machine used in this study was a universal testing Instron model 5566A using 
BlueHill 3 Software (Instron Co., Canton, MA) equipped with a 1 kN load cell, 0.8 mm 
load radius and run at a crosshead speed of 0.5 mm/min until fracture occurred (Figure 
14). Each disc was positioned centrally on the rounded tips of three steel rod supports on 
the perimeter of a circle with a diameter of 9 mm. ten specimens were tested from each 
group. (Figure 15). 
The biaxial flexural strength, 𝜎, was calculated from the following equation;  
                                                𝜎 =  −0.2387𝑃(𝑋 − 𝑌)/𝑑2  
Where 𝜎 = biaxial flexural strength (MPa)  
P = load causing fracture (N) 
X = (1 + v) Ln (
𝐵
𝐶
)2 + [(1- v)/2] (
𝐵
𝐶
)2, Y = (1 + v)[1 + Ln (
𝐴
𝐶
)2] + (1 - v) (
𝐴
𝐶
)2 ]  
v = Poisson’s ratio, (0.23)  
A = radius of support circle (mm)  
B = radius of loaded area or ram tip (mm) 
C = radius of specimen (mm)  
D = specimen thickness at fracture origin (mm) 
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Figure 14: Instron model 5566A machine 
 
 
                                 
Figure 15: Biaxial flexural strength test  
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2.2 Translucency and flexural strength of monolithic translucent Zirconia materials: 
 
2.2.1 Materials: 
Four different monolithic translucent Zirconia milling blocks (Table 8) were used 
for this study with their coloring liquid, in addition to Tanaka Zircolor dipping liquid 
(Table 9).  (Figure 16) 
A.       B.   
C.       D.   
E.   
Figure 16: Monolithic translucent Zirconia materials and coloring liquids  
A. Bruxzir HT and BruxZir Coloring Liquid 
B. Zirkonzhan translucent and Zirkonzahn  prettau aquarelle 
C. Zenostar Zr translucent and Zenostar color Zr 
D. Crystal Diamond Zirconia and Crystal color 
E. Tanaka Zircolor dipping liquids 
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Table 8: Monolithic translucent Zirconia materials  
Material Manufacturer Composition lot No 
Bruxzir HT Glidewell Lab. 
Irvine ,CA 
Not specified 
 
S301091P 
 
 
Crystal Diamond 
Zirconia 
Crystal Diamond 
Zirconia Dental 
laboratory 
milling supplies. 
Scottsdale, AZ 
ZrO2+HfO2+Y2O3 
>99.1 % 
ZrO2  >91.0 % 
A12O3 < 1.00% 
Not 
specified 
Zenostar Zr translucent Wieland dental, 
Germany 
ZrO2 + HfO2 94.00% 
Y2O3 5.00% 
Al2O3 < 1.00% 
S14042 
Zirkonzhan translucent Zirkonzhan SRL. 
Italy 
ZrO2, Y2O3: 4–6% 
Al2O3<1% 
SiO2: < 0.02 %, 
Fe2O3: < 0.01%, 
Na2O: < 0.04% 
ZA9202B 
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Table 9: Coloring liquids  
Material Shade Manufacturer 
Lot number 
Composition 
BruxZir 
Coloring 
Liquid 
A2 , D3 GlidewellLab 
Irvine, CA 
A2 Lot#M0912F1 
D3Lot #J2312S1 
1, 2-Propanediol 2.00-2.03 
%Terbium (III)  Chloride  
0.03-0.07 %Manganous 
Sulfate  0.00-0.01 % 
Chromium (III) Chloride 0.03-
0.08 % 
Crystal 
color 
A2-A4 
D3 –D4 
Crystal Diamond Zirconia 
Dental laboratory milling 
supplies, CA 
A2-A4 lot #1316 
D3-4 lot #1227 
Not specified 
Tanaka 
Zircolor 
dipping 
liquids 
A2, D3 Tanaka Dental, Skokie,IL, 
USA 
Metallic oxide solution 
hydrocarbon base 
The base is acid free 
(R)-p-mentha-1,8-diene,50–
75% 
Stoddard solvent, 10–25% 
Zenostar 
color Zr 
A2, D3 Wieland dental Germany 
A2 lot # -03/130115 
#D3 -01/120829 
Acidic metal salt solution 
 
Zirkonzahn 
prettau 
aquarell 
A2, D3 Zirkonzhan SRL. Italy 
A2 lot # CB3005 
D3  lot CB2303 
 
They are water-based and acid-
free. 
Water >80%  ,Polyethylene 
Glycol < 15% ,Iron < 15% 
,Chrome  < 15% Manganese < 
15% ,Nitrates on metallic and 
non metallic base <80% 
Various color pigments <1% 
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2.2.2 Methods 
 
2.2.2.1 Translucency 
The materials were provided as blocks of partially sintered zirconia. All 
specimens were cut into 1.9 mm thickness tiles (Figure 17),  using an ISOMET 5000 
Precision Saw (Figure 18) They were divided as in Figure 19 and then colored according 
to the manufacturers’ recommendations (Table 10).  The specimen coloring was done 
either by immersion technique or brushing as in (Figure 20 ). 
 
 
 
Figure 17: Monolithic translucent Zirconia materials were cut into tiles 
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Figure 18: Precision Saw (ISOMET 5000) 
 
 
  
 
Figure 19: Flow chart of Monolithic Zirconia specimen   
 
 
Monolithic Zirconia 
Tiles N=60 
 Bruxzir HT  (15) 
 
No  coloring liquid 
(3) 
 
 Bruxzir coloring 
liquid shade A2  (3) 
and shade D3 (3) 
 
 Tanaka coloring 
liquid shade A2  (3) 
and shade D3 (3) 
 
 Crystal zirconia 
(15)   
 
No  coloring liquid 
(3) 
 
 Crystal zirconia 
coloring liquid 
shade A2  (3) and 
shade D3 (3) 
 
Tanaka coloring 
liquid shade A2  (3) 
and shade D3 (3) 
  Zeno star  (15)  
 
No  coloring liquid 
(3) 
 
 Zeno star coloring 
liquid shade A2  (3) 
and shade D3 (3) 
 
Tanaka coloring 
liquid shade A2  (3) 
and shade D3 (3) 
 Zirkonzhan (15)  
 
 No  coloring liquid 
(3) 
 
Zirkonzhan coloring 
liquid shade A2  (3) 
and shade D3 (3) 
 
Tanaka coloring 
liquid shade A2  (3) 
and shade D3 (3) 
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A.    B.   C.   
D.    E.   
Figure 20: Coloring liquid application 
A. BruxZir Coloring Liquid 
B. Crystal Diamond Zirconia and Crystal color 
C. Tanaka Zircolor dipping liquids 
D. Zirkonzahn  prettau aquarelle 
E. Zenostar color Zr 
 
 
Table 10: Coloring liquid application  
Coloring liquid Dipping time Brush 
Bruxzir dipping color 15 minutes - 
Crystal zirconia dipping color 2 minutes - 
Tanaka Zircolor dipping color 30 seconds - 
Zirkonzahn  prettau aquarelle - 3 Coats 
Zenostar color Zr - 3 Coats 
 
  
  41 
They were kept overnight in a Drying Oven (Boekel, model #132000, Boekel 
Inc., PA, USA) (Figure 21) And then they were fired according to the manufacturer 
recommendation in a Zyrcomat furnace (VITA® Zyrcomat T, VITA Zahnfabrik H. 
Rauter GmbH & Co.KG)  (Figure 22 and Figure 23). The sintering program duration 
including cool-down takes approximately 7.5 hours. One cycle consists of 1.5 hours of 
temperature rising to 1530°C, holding stage for 2 hours at 1530°C, and then a cool down 
to 400°C with the furnace chamber closed  
The specimens’ dimensions experienced almost 20% shrinkage during firing to 
create 1.5 mm thick specimens. 
 
 
 
Figure 21: Drying Oven (Boekel, model #132000, Boekel Inc., PA, USA) 
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Figure 22: Vita Zyrcomat®T (VITA Zahnfabrik H. Rauter GmbH & Co.KG)  
 
 
 
Figure 23: Sintering program on Zyrcomat T furnace 
 
 
 
The samples were finished and polished on both sides with a Buehler grinding-
polishing system (EcoMet® 250, Buehler Ltd, Illinois, USA) (Figure 11) starting with 
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graded diamond grits 45 and 15 μm with water and then with 6 μm and 1 μm 
polycrystalline diamond suspensions applied to special pads. After processing, the final 
thickness of 1.5 mm was checked before the translucency measurement (Error! 
Reference source not found.).  
 
 
 
 Zirconia specimen after sintering, measuring 1.5 mm thick   
 
 
A spectrophotometer, Color i5 (GretagMacbeth, Regansdorf, Switzerland, version 
7.0.28,) (Figure 12), was used for Reflectance measurements. The spectrophotometer was 
checked for its repeatability and inter-instrument agreement with X-rite calibrated BCRA 
series II ceramic standards STD29. Measurements were made using CIE LAB, illuminant 
D65 10-degree observer at a corrected standard temperature.  
The machine was calibrated with both a white circle tile and standard black trap. 
After calibration of the spectrophotometer, each specimen was positioned at the center of 
6mm aperture and held against the view port using tape, allowing light to hit the 
specimen’s center. The software prompted to apply the standard white circle tile (for 
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reflectance) as background. An average of two readings were taken by clicking twice; the 
software then prompted to use the standard black trap and take a second average of two 
readings against the black background (as a standard), after which contrast ratio was 
calculated. 
. 
2.2.2.2 Flexural Strength Test: 
All Zirconia specimens for three point bending flexural test were prepared as bars 
with the following dimensions; thickness = 1.9 mm, width = 4 mm and length =20 mm 
(Figure 24) using an ISOMET 5000 Precision Saw (Figure 18). 
 
 
 
Figure 24: Monolithic translucent Zirconia materials cut into bars  
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Each material was divided to 3 groups as shown in Figure 26, and then colored as 
in Table 11. 
 
 
 
Figure 25: Flow chart of Monolithic Zirconia specimen 
 
 
Table 11: Coloring liquid application  
Coloring liquid Dipping time 
Bruxzir dipping color 15 minutes 
Crystal zirconia dipping color 2 minutes 
Tanaka Zircolor dipping color 30 seconds 
Zirkonzahn  prettau aquarelle 30 seconds 
Zenostar color Zr 30 seconds 
 
 
Monolithic 
Zirconia  N=120 
  Bruxzir (30) 
 
No  coloring 
liquid (10) 
 
 A2 Bruxzir 
coloring liquid 
(10) 
 
 A2 Tanaka 
coloring liquid 
(10) 
 
Crystal zirconia  
(30) 
 
 No coloring 
liquid (10) 
 
A2 Crystal 
zirconia  coloring 
liquid (10) 
 
A2 Tanaka 
coloring liquid 
(10)   
  Zeno star  (30) 
 
No coloring 
liquid (10) 
 
A2 Zeno star 
coloring liquid 
(10) 
 
 A2 Tanaka 
coloring liquid 
(10) 
 Zirkonzhan (30) 
 
 No coloring 
liquid (10) 
 
A2 Zirkonzhan 
coloring liquid 
(10) 
 
 A2 Tanaka 
coloring liquid 
(10) 
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They were kept overnight in a Drying Oven (Boekel, model #132000, Boekel 
Inc., PA, USA) (Figure 21), and then they were fired according to the manufacturer 
recommendation, in a Zyrcomat furnace (VITA® Zyrcomat T, VITA Zahnfabrik H. 
Rauter GmbH & Co.KG) (Figure 22). The specimens’ dimensions experienced almost 
20% shrinkage during firing to have thickness of 1.5 mm, width 2mm and length of 15 
mm. 
Then they were finished and polished on both sides with a Buehler grinding-
polishing system (EcoMet® 250, Buehler Ltd, Illinois, USA) (Figure 11), starting with 
graded diamond grits 45 and 15 μm with water, and then with 6 μm and 1μm 
polycrystalline diamond suspensions applied to special pads.  
The test was preformed using a universal testing machine (Model # 5566 A, 
Instron Corp, Canton, Mass.) (Figure 14) at a crosshead speed of 0.5 mm per minute with 
a 1000 N load cell. The bars were placed on a three-point fixture that has a 10 mm span 
(Figure 26). After failure (fracture), the flexural strength is computed directly through a 
computer connected to the INSTRON for each specimen using the following formula: 
Where 𝜎 =Flexural strength (MPa) P is the breaking load (N)  
𝜎  =3Pl/2wh2 
1 is the test span (mm) 
w is the width of the specimen (mm) 
h is the thickness of the specimen (mm)  
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Figure 26: Three point bending flexural strength test 
 
 
Data Analysis: 
Data was analyzed by multifactorial linear regression with considering main 
factors and secondary factorial interaction. ANOVA post hoc Tukey HSD test was used 
to compare the average between the groups. Any p-values less than 0.05 were considered 
statistically significant. All analyses were performed using Excel and JMP Pro 13.  
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CHAPTER 3: RESULTS: 
 
1-Effect of different sintering protocols on Tosoh Zirconia contrast ratio, grain size 
and flexural strength.  
2-Effect of coloring liquid on the translucency of monolithic translucent Zirconia 
materials.  
3- -Effect of coloring liquids on the flexural strength of monolithic translucent 
Zirconia materials. 
 
3.1 Effect of different sintering protocols on Tosoh Zirconia contrast ratio, grain 
size and flexural strength  
 
3.1.1 Contrast Ratio: 
Table 12 and Figure 27 show the contrast ratio (CR) values and their standard 
deviations after sintering of Tosoh Zirconia with Different presintering and sintering 
cycles. 
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Table 12: Average contrast ratio of Zirconia Zpex Smile and Zirconia Zpex  
    CR, % 
Material Presintering Final Sintering N Mean Std Dev 
Zpex long 1300 10 96.86 0.48 
  1450 10 81.91 0.71 
  1600 10 81.29 0.73 
 short 1300 10 96.92 0.56 
  1450 10 83.36 1.33 
  1600 10 83.41 0.49 
Zpex Smile long 1300 10 94.48 0.66 
  1450 10 77.80 1.62 
  1600 10 79.73 0.81 
 short 1300 10 92.45 0.83 
  1450 10 79.06 1.24 
  1600 10 81.50 0.64 
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Figure 27: Contrast ratio of Zirconia Zpex smile and Zpex  
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Table 13: Summary of the effects of all factors on contrast ratio using least square linear 
regression model  
Source LogWorth Nparm DF Sum of 
Squares 
F Ratio Prob > 
F 
Final Sintering 96.849 2 2 5373.847 3116.465 <.0001* 
Material 20.213 1 1 117.203 135.940 <.0001* 
Presintering* 
Final Sintering 
9.801 2 2 48.110 27.901 <.0001* 
Material* 
Final Sintering 
6.889 2 2 31.704 18.386 <.0001* 
Presintering 2.964 1 1 9.712 11.264 0.0011* 
Material* 
Presintering 
1.962 1 1 5.781 6.705 0.0109* 
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Table 14: Summary of Fit of the linear regression model for contrast ratio 
RSquare 0.983 
RSquare Adj 0.982 
Root Mean Square Error 0.928 
Mean of Response 85.73 
Observations (or Sum Wgts) 120 
 
 
A linear regression model was established based on the effect of material, pre-
sintering and final sintering temperature and their secondary interactions on contrast ratio 
values. Table 14 shows that the predicted value highly matches the exact value with an R-
square of 0.98, which indicates that 98 % observed variances can be explained by this 
model. Table 13 shows the LogWorth, and p-value of single factors and interactions. It 
can be seen that all the studied factors in this study has a significant effect on contrast 
ratio.  
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3.1.1.1 Material effect on contrast ratio: 
 
 
Table 15: Contrast ratio Mean and Tukey Test Ranking Levels of Tosoh Zirconia  
Level Least Sq 
Mean 
Std Error Mean Significance * 
Zpex 96.890 0.207 87.292 A  
Zpex Smile 93.467 0.207 84.169  B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 15 shows that the contrast ratio of Zirconia Zpex discs is significantly 
greater than Zirconia Zpex Smile discs. 
Figure 28 Shows contrast ratio, LS mean, and standard error of Zirconia Zpex 
discs and Zirconia Zpex Smile discs.  
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Figure 28: Least Square Means Plot of contrast ratio vs. Material  
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3.1.1.2 Presintering cycle effect on contrast ratio  
 
 
Table 16: Contrast ratio Mean and Tukey Test Ranking Levels of presintering cycle 
Level Least Sq 
Mean 
Std Error Mean Significance * 
long 95.672 0.208 85.345 A  
short 94.686 0.208 86.117  B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 16 shows that there is a significant difference in contrast ratio between the 
short and the long presintering cycle. 
Figure 29 Shows contrast ratio, LS mean, and standard error of Zirconia at short 
and long presintering cycles.  
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Figure 29: Least Square Means Plot of contrast ratio vs. presintering cycle  
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3.1.1.3 Final sintering temperature effect on contrast ratio  
 
 
Table 17: Contrast ratio Mean and Tukey Test Ranking Levels of final sintering 
temperature  
Level Least Sq 
Mean 
Std Error Mean Significance* 
1300 95.179 0.147 95.179 A   
1600 81.482 0.147 81.482  B  
1450 80.532 0.147 80.532   C 
* Levels not connected by same letter are significantly different. 
 
 
 
 
Table 17 shows that there is a significant difference in contrast ratio with final 
sintering temperatures of 1300 °C, 1450 °C and 1600 °C. 
Figure 30 Shows contrast ratio, LS mean, and standard error of Zirconia at three 
different final Sintering temperatures. 
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Figure 30: Least Square Means Plot of contrast ratio vs. final sintering temperature 
 
 
3.1.1.4 Contrast ratio response to interactive effect of different Tosoh zirconia material 
and presintering cycle 
 
 
Table 18: Contrast ratio Mean and Tukey Test Ranking Levels of different combinations 
of zirconia material and presintering cycles 
Level Least Sq Mean Std Error Significance* 
Zpex,long 97.164 0.268 A   
Zpex,short 96.617 0.268 A   
Zpex Smile,long 94.179 0.268  B  
Zpex Smile,short 92.755 0.268   C 
*Levels not connected by same letter are significantly different. 
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Table 18 and Figure 31 show contrast ratio least square mean and standard error 
of the behavior of different Tosoh Zirconia materials in relation to different presintering 
cycles. Significant contrast ratio change outcome is exhibited when using short or long 
presintering cycles on Zpex Smile zirconia discs, which was unlike the effect of 
presintering cycles on Zpex zirconia discs where no significant difference noted.     
 
 
 
Figure 31: Least Square Means Plot of contrast ratio vs. presintering cycle for two types 
of Tosoh zirconia material.  
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3.1.1.5 Contrast ratio response to interactive effect of different zirconia material and 
final sintering temperature  
 
 
Table 19: Contrast ratio Mean and Tukey Test Ranking Levels of different zirconia 
material and final sintering temperature  
Level Least Sq 
Mean 
Std Error Significance* 
Zpex,1300 96.891 0.208 A     
Zpex Smile,1300 93.467 0.208  B    
Zpex,1450 82.634 0.208   C   
Zpex,1600 82.352 0.208   C   
Zpex Smile,1600 80.612 0.208    D  
Zpex Smile,1450 78.430 0.208     E 
* Levels not connected by same letter are significantly different. 
 
 
Table 19 and Figure 32 show contrast ratio least square mean and standard error 
of the behavior of different zirconia materials in relation to different final sintering 
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temperatures. This interaction shows significant difference when sintering Zpex smile or 
Zpex with final temperatures of 1300 °C, 1450 oC and 1600 oC. Except for Zpex Zirconia 
discs there is no significant difference in contrast ratio if the sintering temperature is 1450 
oC or 1600 oC. 
 
 
 
Figure 32: Least Square Means Plot of contrast ratio vs. the Correlation of Tosoh 
Zirconia material and final sintering temperatures     
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3.1.1.6 Contrast ratio response to interactive effect of presintering cycle and final 
sintering temperature  
 
 
Table 20: Contrast ratio Mean, and Tukey Test Ranking Levels of different presintering 
cycles and final sintering temperature  
Level Least Sq 
Mean 
Std Error Significance* 
long,  1300 95.672 0.208 A     
short, 1300 94.686 0.208  B    
short, 1600 82.456 0.208   C   
short, 1450 81.209 0.208    D  
long,  1600 80.508 0.208    D E 
long,  1450 79.855 0.208     E 
* Levels not connected by same letter are significantly different. 
 
 
 
 
Table 20 and Figure 33 show contrast ratio least square mean, and standard error 
of the different presintering cycle interaction with final sintering temperatures.  This 
interaction shows significant difference in contrast ratio when the zirconia material was 
presintered with short or long cycles and then had a final sintering temperature of 1300 
°C, 1450 °C or 1600 °C , except for the interaction of short -1450 oC  and long, -1600. 
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Also, between long-1600 and long -1450, there was no significant difference in the 
contrast ratio. 
 
 
Figure 33: Least Square Means Plot of contrast ratio vs. the Correlation of Tosoh 
Zirconia Discs A, presintering cycles and final sintering temperatures    
 
 
3.1.2 Grain size 
 
3.1.2.1 Microstructure of Tosoh Zirconia: 
Each material was investigated with a scanning electron microscope at 20,000x 
magnification. Results are shown in Figures 35 to 46. 
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Figure 34: SEM image of Tosoh Zirconia Zpex Smile (short presintering cycle, 1300 oC 
final temperature) 
 
 
 
Figure 35: SEM image of Tosoh Zirconia Zpex Smile (short presintering cycle, 1450 oC 
final temperature)  
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Figure 36: SEM image of Tosoh Zirconia Zpex Smile (short presintering cycle, 1600 oC 
final temperature) 
 
 
 
Figure 37: SEM image of Tosoh Zirconia Zpex Smile (long presintering cycle, 1300 oC 
final temperature)  
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Figure 38: SEM image of Tosoh Zirconia Zpex Smile (long presintering cycle, 1450 oC 
final temperature) 
 
 
 
Figure 39: SEM image of Tosoh Zirconia Zpex Smile (long presintering cycle, 1600 oC 
final temperature) 
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Figure 40: SEM image of Tosoh Zirconia Zpex (short presintering cycle, 1300 oC final 
temperature) 
 
 
 
Figure 41: SEM image of Tosoh Zirconia Zpex (short presintering cycle, 1450 oC final 
temperature) 
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Figure 42: SEM image of Tosoh Zirconia Zpex (short presintering cycle, 1600 oC final 
temperature) 
 
 
 
Figure 43: SEM image of Tosoh Zirconia Zpex (long presintering cycle, 1300 oC final 
temperature) 
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Figure 44: SEM image of Tosoh Zirconia Zpex (long presintering cycle, 1450 oC final 
temperature) 
 
 
 
Figure 45: SEM image of Tosoh Zirconia Zpex (long presintering cycle, 1600 oC final 
temperature)  
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Table 21 and Figure 46 show the grain size values and their standard deviations 
after sintering of Tosoh Zirconia in Different presintering and sintering cycles. 
 
 
Table 21: Average grain size of Zirconia Zpex Smile and Zirconia Zpex 
 Grain Size, um 
Material Pre-
sintering 
(oC) 
Final 
sintering 
(oC) 
Mean Medi
an 
Std 
Dev 
CV Interquartile 
Range 
Zpex 
Smile 
 
 
 
long 1300 0.382 0.359 0.139 36.48 0.181 
 1450 0.934 0.865 0.398 42.59 0.554 
 1600 1.957 1.900 0.759 38.76 1.086 
short 1300 0.354 0.345 0.117 33.15 0.142 
 1450 0.986 0.882 0.408 41.43 0.535 
 1600 1.992 1.874 0.817 41.02 1.023 
 
Zpex 
 
 
 
long 1300 0.184 0.177 0.051 27.87 0.063 
 1450 0.444 0.431 0.147 33.12 0.201 
 1600 0.623 0.602 0.214 34.38 0.323 
short 1300 0.183 0.181 0.047 25.81 0.064 
 1450 0.412 0.399 0.120 29.16 0.163 
 1600 0.647 0.623 0.210 32.43 0.253 
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Figure 46: Grain size of Zirconia Zpex Smile and Zpex  
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Table 22: Effect summary of all factors on grain size using least square linear regression 
model  
Source LogWort
h 
PValue Nparm DF Sum of 
Squares 
F Ratio 
Final sintering 440.661 <.0001* 2 2 449.942 1560.739 
Material*Final 
sintering 
186.284 <.0001* 2 2 147.374 511.204 
Material 11.628 <.0001* 1 1 7.158 49.658 
Material*Presintering 0.340 0.457 1 1 0.079 0.553 
Presintering*Final 
sintering 
0.308 0.492 2 2 0.204 0.708 
Presintering 0.244 0.570 1 1 0.046 0.321 
 
 
Table 23: Summary of Fit of the linear regression model for grain size 
RSquare 0.711 
RSquare Adj 0.710 
Root Mean Square Error 0.379 
Mean of Response 0.757 
Observations (or Sum Wgts) 2524 
 
 
A linear regression model was established based on the effect of material, pre-
sintering and final sintering temperature on grain size and secondary interactions. Table 
23 shows that the predicted value nearly matches the exact value with an R-square of 
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0.71, which indicates that the 71% observed variance can be explained by this model. 
Table 22 shows the LogWorth, and p-value of single factors and interactions, with a 
LogWorth ranking from highest (Final sintering temperature), to lowest (presintering 
temperature). 
The Final sintering temperature and material have a significant effect on the grain 
size. Also, the interaction between material and final sintering temperature factors is 
significant. 
 
3.1.2.2 Material effect on Grain Size  
 
 
Table 24: Grain size Mean and Tukey Test Ranking Levels of Tosoh Zirconia  
Level Least Sq 
Mean 
Std Error Mean Significance * 
Zpex Smile 0.368 0.0185 1.100 A 
Zpex 0.183 0.0185 0.415 B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 24 shows that the grain size of Zirconia Zpex smile discs was significantly 
greater than the grain size in Zirconia Zpex discs. 
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Figure 47 shows grain size LS mean, and standard error of Zirconia Zpex discs and 
Zirconia Zpex Smile discs. 
 
Figure 47: Least Square Means Plot of grain size vs. Material  
 
 
3.1.2.3 Presintering cycle effect on Grain Size  
 
 
Table 25: Grain size Mean and Tukey Test Ranking Levels of presintering cycle 
Level Least Sq Mean Std Error Mean Significance * 
long 0.283 0.0185 0.754 A 
short 0.268 0.0185 0.761 A 
*Levels not connected by same letter are significantly different. 
 
  75 
 
Table 25 shows that there is no significant difference in the grain size between the 
short and long presintering cycle. 
Figure 48 shows grain size LS mean, and standard error of Zirconia at short and 
long presintering cycles.  
 
 
 
Figure 48: Least Square Means Plot of grain size vs. presintering cycle  
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3.1.2.4 Final sintering temperature effect on Grain Size  
 
 
Table 26: Grain size Mean and Tukey Test Ranking Levels of final sintering temperature 
Level Least Sq Mean Std Error Mean Significance * 
1600 1.304 0.0130 1.304 A 
1450 0.693 0.0130 0.692 B 
1300 0.275 0.0130 0.275 C 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 26 shows that there is significant difference in the grain size at different 
final sintering temperatures. The level of 1600 showed highest grain size and 1300 
showed lowest. Figure 49 shows grain size LS mean, and standard error of Zirconia at 
three different final Sintering temperatures. 
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Figure 49: Least Square Means Plot of grain size vs. final sintering temperature   
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3.1.2.5 Grain size response to interactive effect of different Tosoh zirconia material and 
presintering cycle 
 
 
Table 27: Grain size Mean and Tukey Test Ranking Levels of different zirconia material 
and presintering cycles  
Level Least Sq 
Mean 
Std Error Significance * 
Zpex Smile, long 0.369 0.0239 A 
Zpex Smile, short 0.366 0.0239 A 
Zpex,long 0.196 0.0239 B 
Zpex,short 0.170 0.0239 B 
*Levels not connected by same letter are significantly different. 
 
 
Table 27 and Figure 50 show grain size, least square mean, and standard error of 
the behavior of different Tosoh Zirconia materials in relation to different presintering 
cycles. Overall, insignificant grain size change outcome is exhibited when using either a 
short or long presintering cycle on different zirconia materials, but there is a significant 
difference between the materials. 
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Figure 50: Least Square Means Plot of grain size vs. the Correlation of Tosoh Zirconia 
material and presintering cycle  
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3.1.2.6 Grain size response to interactive effect of different zirconia material and final 
sintering temperature 
 
 
Table 28: Grain size Mean and Tukey Test Ranking Levels of different zirconia material 
and final sintering temperature  
Level Least Sq 
Mean 
Std Error Significance * 
Zpex Smile,1600 1.974 0.0185 A     
Zpex Smile,1450 0.959 0.0185  B    
Zpex,1600 0.635 0.0185   C   
Zpex,1450 0.427 0.0185    D  
Zpex Smile,1300 0.368 0.0185    D  
Zpex,1300 0.183 0.0185     E 
*Levels not connected by same letter are significantly different. 
 
 
Table 28 and Figure 51 show grain size least square mean and standard error of 
the behavior of different zirconia materials in relation to different final sintering 
temperatures. This interaction shows significant difference when sintering Zpex smile or 
Zpex with final temperatures of 1300 oC, 1450 oC and 1600 oC  
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Figure 51: Least Square Means Plot of grain size vs. the Correlation of Tosoh Zirconia 
material and final sintering temperatures     
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3.1.2.7 Grain size response to interactive effect of presintering cycles and final sintering 
temperature  
 
 
Table 29: Grain size Mean and Tukey Test Ranking Levels of different presintering 
cycles and final sintering temperature  
Level Least Sq Mean Std Error Significance * 
short, 1600 1.319 0.0185 A   
long, 1600 1.290 0.0185 A   
short, 1450 0.698 0.0185  B  
long, 1450 0.688 0.0185  B  
long, 1300 0.283 0.0185   C 
short, 1300 0.268 0.0185   C 
* Levels not connected by same letter are significantly different. 
 
 
Table 29 and Figure 52 show grain size, least square mean, and standard error of 
the different presintering cycle interactions with final sintering temperatures.  This 
interaction shows no significant difference in grain size when the discs were presintered 
using short or long cycles with the same final temperature, but there was a significant 
difference between the final sintering temperatures of 1300 oC, 1450 oC and 1600 oC  
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Figure 52: Least Square Means Plot of grain size vs. the Correlation of Tosoh Zirconia 
Discs, presintering cycles and final sintering temperatures    
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Figure 53: Grain size data for all specimens; averages, ranges, and standard deviations 
shown.   
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3.1.3 Biaxial flexural strength  
Table 30 and Figure 54 show the flexural strength values and their standard 
deviations after sintering of Tosoh Zirconia in Different presintering and sintering cycles. 
 
 
Table 30: Average Biaxial flexural strength of Zirconia Zpex smile and Zirconia Zpex 
  Flexural Strength, MPa 
Material Presintering Final Sintering N Mean Std Dev 
Zpex long 1300 10 641.52 181.55 
  1450 10 913.22 170.29 
  1600 10 908.91 110.96 
 short 1300 10 420.81 198.28 
  1450 10 713.73 196.90 
  1600 10 849.45 133.45 
Zpex Smile long 1300 10 405.43 79.69 
  1450 10 542.36 134.27 
  1600 10 497.27 131.56 
 short 1300 10 433.30 69.32 
  1450 10 538.63 169.33 
  1600 10 500.39 59.14 
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Figure 54: Flexural strength of Zirconia Zpex smile and Zpex  
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Table 31: Effect summary of all factors on Biaxial flexural strength using least square 
linear regression model  
Source LogWorth Npar
m 
DF Sum of 
Squares 
F Ratio Prob > 
F 
Final Sintering 9.744 2 2 1153616.1 27.817 <.0001
* 
Material*Final Sintering 3.545 2 2 365421.5 8.812 0.0003
* 
Material*Presintering 2.130 1 1 154484.1 7.450 0.0074
* 
Material 1.805 1 1 124997.9 6.028 0.0157
* 
Presintering 1.437 1 1 92959.7 4.483 0.0365
* 
Material*Presintering*F
inal Sintering 
0.476 2 2 45938.3 1.108 0.3340 
Presintering*Final 
Sintering 
0.349 2 2 33592.7 0.810 0.4475 
 
 
Table 32: Summary of Fit of the linear regression model for biaxial flexural strength 
RSquare 0.637 
RSquare Adj 0.600 
Root Mean Square Error 143.998 
Mean of Response 613.752 
Observations (or Sum Wgts) 120 
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A linear regression model was established based on the effect of material, pre-
sintering and final sintering temperature on Biaxial flexural strength and secondary 
interactions.  Table 32 shows that the predicted value highly matches the exact value with 
an R-square of 0.63, which indicates 63 % observed variance can be explained by this 
model. Table 31 shows the LogWorth, and p-value of single factors and interactions. 
 
3.1.3.1 Material effect on Biaxial flexural strength 
 
 
Table 33: Biaxial flexural strength Mean and Tukey Test Ranking Levels of Tosoh  
Zirconia  
Level Least Sq Mean Std Error Mean Significance* 
Zpex 531.166 32.199 741.274 A  
Zpex Smile 419.363 32.199 486.230  B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 33 shows that the biaxial flexural strength of Zirconia Zpex discs is 
significantly higher than Zirconia Zpex Smile discs. Figure 55 shows biaxial flexural 
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strength ratio LS mean and standard error of Zirconia Zpex discs and Zirconia Zpex 
Smile discs. 
 
Figure 55: Least Square Means Plot of Biaxial flexural strength vs. Material 
 
 
 
3.1.3.2 Presintering cycle effect on Biaxial flexural strength  
 
 
Table 34: Biaxial flexural strength Mean and Tukey Test Ranking Levels of presintering 
cycles 
Level Least Sq Mean Std Error Mean Significance* 
long 523.472 32.199 651.451 A  
short 427.057 32.199 576.053  B 
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*Levels not connected by same letter are significantly different. 
 
 
 
Table 34 shows that there is significant difference in the biaxial flexural strength 
between the short and long presintering cycles. 
Figure 56 shows biaxial flexural strength LS mean and standard error of Zirconia 
at short and long presintering cycles.  
  
 
 
Figure 56: Least Square Means Plot of Biaxial flexural strength presintering cycles 
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4.1.3.3 Final temperature effect on Biaxial flexural strength 
 
 
Table 35: Biaxial flexural strength, Mean and Tukey Test Ranking Levels of final 
sintering temperature  
Level Least Sq 
Mean 
Std Error Mean Significance* 
1600 689.005 22.768 689.005 A  
1450 676.987 22.768 676.987 A  
1300 475.265 22.768 475.265  B 
* Levels not connected by same letter are significantly different. 
 
 
 
 
Table 35 shows that there is a significant difference in biaxial flexural strength 
with final sintering temperatures of 1300 oC, 1450 oC and 1600 oC. 
Figure 57 shows biaxial flexural strength LS mean and standard error of Zirconia 
at three different final Sintering temperatures. 
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Figure 57: Least Square Means Plot of Biaxial flexural strength vs. final sintering 
temperature  
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3.1.3.4 Biaxial flexural strength response to interactive effect of different Tosoh zirconia 
material and presintering cycles   
 
 
Table 36: Biaxial flexural strength Mean and Tukey Test Ranking Levels of different 
zirconia material and presintering cycle  
Level Least Sq Mean Std Error Significance* 
Zpex, long 641.520 45.536 A  
Zpex Smile, short 433.301 45.536  B 
Zpex, short 420.812 45.536  B 
Zpex Smile, long 405.425 45.536  B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 36 and Figure 58 show Biaxial flexural strength, least square mean and 
standard error of the behavior of different Tosoh Zirconia materials in relation to 
different presintering cycles. Significant difference in biaxial flexural strength outcome is 
exhibited when using long presintering cycles on Zpex zirconia in comparison to the 
other groups.  
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Figure 58: Least Square Means Plot of Biaxial flexural strength vs. the Correlation of 
Tosoh Zirconia material and presintering cycles   
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3.1.3.5 Biaxial flexural strength response to interactive effect of different zirconia 
material and final sintering temperature  
 
 
Table 37: Biaxial flexural strength Mean and Tukey Test Ranking Levels of different 
zirconia material and final sintering temperature  
Level Least Sq 
Mean 
Std Error Significance* 
Zpex, 1600 879.182 32.199 A  
Zpex, 1450 813.474 32.199 A  
Zpex Smile, 1450 540.499 32.199  B 
Zpex, 1300 531.166 32.199  B 
Zpex Smile, 1600 498.828 32.199  B 
Zpex Smile, 1300 419.363 32.199  B 
*Levels not connected by same letter are significantly different. 
 
 
Table 37 and Figure 59 show biaxial flexural strength, least square mean and 
standard error of the behavior of different zirconia materials in relation to different final 
sintering temperatures. This interaction shows significant difference when sintering Zpex 
with final temperatures of 1600 oC and 1450 oC in comparison to the other groups for 
Zpex Smile. 
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Figure 59: Least Square Means Plot of biaxial flexural strength vs. the Correlation of 
Tosoh Zirconia material and final sintering temperatures  
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3.1.3.6 Biaxial flexural strength response to interactive effect of presintering cycles and 
final sintering temperature  
 
 
Table 38: Biaxial flexural strength Mean and Tukey Test Ranking Levels of different 
presintering cycles and final sintering temperature  
Level Least Sq Mean Std Error Significance* 
long, 1450 727.791 32.199 A   
long, 1600 703.090 32.199 A   
short, 1600 674.920 32.199 A   
short, 1450 626.182 32.199 A B  
long, 1300 523.472 32.199  B C 
short, 1300 427.057 32.199   C 
* Levels not connected by same letter are significantly different.  
 
 
 
 
Table 38 and Figure 60 illustrates that biaxial flexural strength had the highest 
reading when it was presented in a long cycle and then sintered to 1450 oC as a final 
temperature.  
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Biaxial flexural strength had the lowest readings when it was sintered to 1300 oC 
regardless of the presintering cycle length.  
There is a significant difference in the biaxial flexural strength of zirconia 
material when it is presinterd in a long cycle with final temperatures of 1450 and 1600 in 
comparison to a final temperature of 1300.  
 
 
 
Figure 60: Least Square Means Plot of biaxial flexural strength vs. the presintering 
cycles and final sintering temperatures     
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3.1.3.7 Biaxial flexural strength response to interactive effect of material, presintering 
cycles and final sintering temperature  
 
 
Table 39: Biaxial flexural strength, Mean and Tukey Test Ranking Levels of different 
materials, presintering cycles and final sintering temperature 
Level Least Sq 
Mean 
Std Error Significance* 
Zpex, long, 1450 913.219 45.536 A     
Zpex, long, 1600 908.911 45.536 A     
Zpex, short, 1600 849.453 45.536 A B    
Zpex, short, 1450 713.729 45.536 A B C   
Zpex, long, 1300 641.520 45.536  B C D  
Zpex Smile, long, 1450 542.364 45.536   C D E 
Zpex Smile, short, 1450 538.634 45.536   C D E 
Zpex Smile, short, 1600 500.388 45.536   C D E 
Zpex Smile, long, 1600 497.269 45.536    D E 
Zpex Smile, short, 1300 433.301 45.536    D E 
Zpex, short, 1300 420.812 45.536     E 
Zpex Smile, long, 1300 405.425 45.536     E 
*Levels not connected by same letter are significantly different. 
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Figure 61: Least Square Means Plot of biaxial flexural strength vs. the Correlation of 
Tosoh Zirconia, presintering cycles and final sintering temperatures    
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3.2 Effect of coloring liquid on the translucency of monolithic translucent Zirconia 
materials  
Table 40 and Figure 62 show the contrast ratio values and their standard 
deviations after coloring of monolithic translucent Zirconia materials with different 
coloring liquids. 
 
 
Table 40: Average contrast ratio of Monolithic translucent Zirconia materials  
 CR 
Material Dye N Mean Std Dev 
Bruxzir HT 
 
 
 
 
none 3 83.74 0.41 
Same Brand A2 3 91.55 0.44 
Same Brand D3 3 94.62 1.36 
Tanaka A2 3 92.00 0.33 
Tanaka D3 3 98.07 0.70 
Crystal diamond Zirconia 
 
 
 
 
none 3 83.17 1.41 
Same Brand A2 3 91.71 1.22 
Same Brand D3 3 94.20 0.24 
Tanaka A2 3 91.05 0.25 
Tanaka D3 3 97.49 0.25 
Zenostar Zr tanslucent 
 
 
 
 
none 3 82.98 0.67 
Same Brand A2 3 89.50 0.87 
Same Brand D3 3 90.09 0.25 
Tanaka A2 3 92.54 0.38 
Tanaka D3 3 97.63 0.55 
Zirkonzahn translucent none 3 85.96 0.46 
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Same Brand A2 3 89.80 0.74 
Same Brand D3 3 90.71 0.25 
Tanaka A2 3 92.35 0.66 
Tanaka D3 3 98.51 0.33 
 
 
 
Figure 62: Contrast Ratio of monolithic translucent Zirconia materials with Different 
coloring liquids and shades  
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Table 41: Effect summary of all factors on contrast ratio using a least square linear 
regression model  
Source LogWorth Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Dye 34.770 4 4 1197.674 627.218 <.0001* 
Material*Dye 8.892 12 12 67.232 11.736 <.0001* 
Material 4.845 3 3 16.463 11.496 <.0001* 
 
 
Table 42: Summary of Fit of the linear regression model for contrast ratio 
RSquare 0.985 
Rsquare Adj 0.978 
Root Mean Square Error 0.690 
Mean of Response 91.383 
Observations (or Sum Wgts) 60 
 
 
A linear regression model was established based on the effect of different 
monolithic zirconia materials and coloring liquids with their secondary interactions on 
contrast ratio.    Table 42 shows that the predicted value highly matches the exact value 
with an R-square of 0.98, which indicates that the 98 % observed variance could be 
explained by this model. Table 41shows the LogWorth, and p-value of single factors and 
interactions, with a LogWorth ranking from highest to lowest. It can be seen that all the 
factors in this study have a significant effect on contrast ratio.   
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3.2.1 Material effect on contrast ratio  
 
 
Table 43: Contrast ratio, Mean and Tukey Test Ranking Levels of Monolithic translucent 
zirconia  
Level Least Sq 
Mean 
Std Error Mean Significance* 
Bruxzir HT 91.997 0.178 91.997 A  
Crystal diamond Zirconia 91.522 0.178 91.522 A  
Zirkonzahn translucent 91.465 0.178 91.465  A 
Zenostar Zr tanslucent 90.550 0.178 90.550  B 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 43 shows that the contrast ratio of Bruxzir HT, Crystal diamond Zirconia 
and Zirkonzahn translucent is significantly greater than Zenostar Zr tanslucent. 
Figure 63 Shows contrast ratio, LS mean and standard error of Monolithic 
translucent zirconia.  
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Figure 63: Least Square Means Plot of contrast ratio vs. Material  
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3.2.2 Coloring liquid effect on contrast ratio: 
 
 
Table 44: Contrast ratio Mean and Tukey Test Ranking Levels of coloring liquid 
Level Least Sq 
Mean 
Std Error Mean Significance* 
Tanaka D3 97.925 0.199 97.925 A     
Same Brand D3 92.404 0.199 92.404  B    
Tanaka A2 91.986 0.199 91.986   B   
Same Brand A2 90.641 0.199 90.641    C  
none 83.963 0.199 83.963     D 
*Levels not connected by same letter are significantly different. 
 
 
Table 44 shows that there is significant difference in contrast ratio with different 
shade and coloring liquid brands. The highest contrast ratio was seen when the material 
was colored with Tanaka shade D3. 
Figure 64 Shows contrast ratio, LS mean and standard error of zirconia using 
different coloring liquid. 
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Figure 64: Least Square Means Plot of contrast ratio vs. coloring liquid  
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3.2.3 Contrast Ratio response to interactive effect of material and coloring liquid  
 
 
Table 45: Contrast ratio Mean and Tukey Test Ranking Levels of different materials and 
coloring liquids 
Level Significance* Least 
Sq 
Mean 
Std 
Error 
Zirkonzahn translucent, Tanaka D3 A         98.507 0.399 
Bruxzir HT, Tanaka D3 A         98.073 0.399 
Zenostar Zr tanslucent, Tanaka D3 A         97.630 0.399 
Crystal diamond Zirconia, Tanaka D3 A         97.490 0.399 
Bruxzir HT, Same Brand D3  B        94.617 0.399 
Crystal diamond Zirconia, Same 
Brand D3 
 B C       94.200 0.399 
Zenostar Zr tanslucent, Tanaka A2  B C D      92.540 0.399 
Zirkonzahn translucent, Tanaka A2   C D      92.353 0.399 
Bruxzir HT, Tanaka A2    D E     92.003 0.399 
Crystal diamond Zirconia, Same 
Brand A2 
   D E F    91.707 0.399 
Bruxzir HT, Same Brand A2    D E F G   91.553 0.399 
Crystal diamond Zirconia, Tanaka A2    D E F G   91.047 0.399 
Zirkonzahn translucent, Same Brand 
D3 
   D E F G   90.707 0.399 
Zenostar Zr tanslucent, Same Brand 
D3 
    E F G   90.093 0.399 
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Zirkonzahn translucent, Same Brand 
A2 
     F G   89.800 0.399 
Zenostar Zr tanslucent, Same Brand 
A2 
      G   89.503 0.399 
Zirkonzahn translucent, none        H  85.960 0.399 
Bruxzir HT, none         I 83.740 0.399 
Crystal diamond Zirconia, none         I 83.170 0.399 
Zenostar Zr tanslucent,none         I 82.983 0.399 
 
 
 
Figure 65: Least Square Means Plot of contrast ratio vs. the Correlation of material and 
coloring liquid  
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3.3. Effect of different coloring liquids on the flexural strength of monolithic 
translucent Zirconia  
Table 46 and Figure 66 show flexural strength values and their standard 
deviations without coloring and after coloring of monolithic translucent Zirconia 
materials with the same manufacture coloring liquids and with Tanaka coloring liquids. 
 
 
Table 46: Average flexural strength of Monolithic translucent Zirconia materials  
 FS, MPa 
Material Dye N Mean Std Dev 
Bruxzir HT 
 
 
Not colored 10 1478.27 318.37 
Same Brand 10 1376.15 182.23 
Tanaka 10 1256.02 266.63 
Crystal Zirconia 
 
 
Not colored 10 1437.35 340.98 
Same Brand 10 1478.28 293.66 
Tanaka 10 1257.41 288.33 
Zenostar translucent 
 
 
Not colored 10 985.38 108.79 
Same Brand 10 869.51 153.47 
Tanaka 10 864.27 68.37 
Zirkon zahn tansulucent 
 
 
Not colored 10 1220.24 137.10 
Same Brand 10 1139.47 85.48 
Tanaka 10 1101.93 166.39 
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Figure 66: Flexural strength of monolithic translucent Zirconia materials with different 
coloring liquids  
 
 
Table 47: Effect summary of all factors on flexural strength using least square linear 
regression model  
Source LogWorth Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Material 13.986 3 3 4609778
.3 
31.511 <.0001* 
Dye 2.213 2 2 521186.
4 
5.344 0.0061* 
Material*Dye 0.127 6 6 169294.
8 
0.578 0.7466 
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Table 48: Summary of Fit of the linear regression model for flexural strength 
RSquare 0.501 
RSquare Adj 0.450 
Root Mean Square Error 220.822 
Mean of Response 1205.355 
Observations (or Sum Wgts) 120 
 
 
A linear regression model was established based on the effect of different 
monolithic zirconia materials and coloring liquids on Flexural strength and secondary 
interactions.  Table 48 shows that the predicted value highly matches the exact value with 
an R-square of 0.5, which indicates 50% observed variance can be explained by this 
model. Table 47 shows the LogWorth, and p-value of single factors and interactions, with 
a LogWorth ranking from highest to lowest. It can be seen that neither material nor dye 
has a significant effect on contrast ratio.   
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3.3.1 Material effect on Flexural strength  
 
 
Table 49: flexural strength, Mean and Tukey Test Ranking Levels of Monolithic 
translucent zirconia  
Level Least Sq 
Mean 
Std Error Mean Significance* 
Crystal Zirconia 1391.014 40.316 1391.01 A   
Bruxzir HT 1370.147 40.316 1370.15 A   
Zirkon Zahn 
Translucent 
1153.878 40.316 1153.88  B  
Zenostar Translucent 906.384 40.316 906.384   C 
*Levels not connected by same letter are significantly different. 
 
 
 
 
Table 49shows that the Flexural strength of Bruxzir HT and Crystal diamond 
Zirconia is significantly greater than Zenostar Zr translucent and Zirkonzahn translucent. 
Figure 67 shows Flexural strength, LS mean and standard error of Monolithic 
translucent zirconia.  
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Figure 67: Least Square Means Plot of flexural strength vs. material  
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 3.3.2 Coloring liquid effect on Flexural strength: 
 
 
Table 50: Flexural strength, Mean and Tukey Test Ranking Levels of coloring liquid 
Level Least Sq Mean Std Error Mean Significance* 
Not colored 1280.307 34.9150 1280.31 A  
Same Brand 1215.854 34.9150 1215.85 A B 
Tanaka 1119.905 34.9150 1119.91  B 
*Levels not connected by same letter are significantly different. 
 
 
Table 50 shows that there is significant difference in Flexural strength when 
Zirconia was dipped with Tanaka coloring liquid and when it is not. The highest Flexural 
strength was seen when the material was not colored. 
Figure 68 Shows Flexural strength, LS mean and standard error of zirconia using 
different coloring liquid. 
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Figure 68: Least Square Means Plot of flexural strength vs. material  
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3.3.3 Flexural strength response to interactive effect of material and coloring liquid  
 
 
Table 51: Flexural strength Mean and Tukey Test Ranking Levels of different materials 
and coloring liquids 
Level Significance* Least Sq 
Mean 
Std 
Error 
Crystal Zirconia,Same Brand A     1478.284 69.830 
Bruxzir HT,none A     1478.271 69.830 
Crystal Zirconia,none A B    1437.345 69.830 
Bruxzir HT,Same Brand A B C   1376.153 69.830 
Crystal Zirconia,Tanaka A B C D  1257.411 69.830 
Bruxzir HT,Tanaka A B C D  1256.017 69.830 
Zirkon zahn tansulucent,none A B C D  1220.235 69.830 
Zirkon zahn tansulucent,Same Brand  B C D E 1139.471 69.830 
Zirkon zahn tansulucent,Tanaka   C D E 1101.927 69.830 
Zenostar translucent,none    D E 985.376 69.830 
Zenostar translucent,Same Brand     E 869.508 69.830 
Zenostar translucent,Tanaka     E 864.266 69.830 
*Levels not connected by same letter are significantly different.  
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Figure 69: Least Square Means Plot of Flexural strength vs. the Correlation of material 
and coloring liquid  
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CHAPTER 4: DISCUSSION 
 
 4.1 Effect of Sintering on Contrast ratio, Flexural strength and grain size of Tosoh 
Zirconia  
In the first part of the present study, we tested two high translucency Tosoh 
Zirconia (Zpex and Zpex Smile) they were presintered with either short or long cycles 
and then sintered to three different final sintering temperatures (1300 ◦C, 1450 ◦C, 1600 
◦C). 
 
4.1.1 Effect of Sintering on Contrast ratio of Tosoh Zirconia 
The most important sources that reduce the translucency of 3Y-TZP are light 
scattering at the grain boundaries, pores, and secondary phases. Dental industry has been 
taken measures to reduce the porosity and to eliminate sintering additives, such as 
alumina. Commercial zirconia restorative materials remain opaque when their thicknesses 
reach 1 mm or more. This is because of light scattering at the grain boundaries due to the 
large birefringence of tetragonal zirconia crystals and the size of these tetragonal grains. 
The traditional way to minimize grain-boundary light scattering is to increase the grain 
size, leading to less encounter of a light beam with the grain boundaries as it travels 
through the material.(Y. Zhang 2014) 
The use of the spectrophotometer to measure color and translucency by assessing 
the CIELAB coordinates of specimens is generally used in the field of dental research. 
Three ways are used to measure translucency: spectral reflectance, direct transmission, 
  120 
and total transmission. We calculated the contrast ratio which was used by many authors 
to obtain a quantitative measure of translucency. 
Results showed that there was a decrease in the contrast ratio as the sintering 
temperature and time increased. This could be attributed to the assumption that the 
sintering process reduces the pores between the grains, enlarges the average grain size 
and increases the final density of zirconia. These may lead to a more uniform crystalline 
arrangement, thus producing more light transmission and less light scattering, leading to 
better translucency and optical characteristics.(Chen and Wang 2000). 
Our results were similar to a study performed by Jiang et al. (Jiang et al. 2011) 
where sintering temperatures 1350 ◦C, 1400 ◦C, 1450 ◦C, and 1500 ◦C were used, and their 
effect on the translucency of zirconia core discs were measured. They concluded that as 
the sintering temperature increased the translucency of the discs increased. Our results were 
also in agreement with Stawarczyk et al. They concluded that there was a decrease in the 
CR of regular zirconia core material specimens having 0.5 mm thickness from 0.85 to 0.70 
as the sintering temperature increased from 1300 to 1700 ℃. .(Stawarczyk et al. 2013) 
There was a significant difference in contrast ratio when the zirconia was subjected 
to different presintering time, but it was not clinically significant according to Liu et al.  
they stated that if the differences in the contrast ratio values are equivalent to or greater 
than 0.07, they can be clinically seen by the naked eye (M.-C. Liu et al. 2010).  In the 
present study, the differences in the CR values of the tested groups (long .83, short .86) 
were lower than 0.07; therefore, leading to the conclusion that that presintering time and 
heating rates play a minor role in creating translucency.  
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The mean contrast ratio between Zpex Smile and Zpex is 0.84 and 0.87 
respectively, indicating a statistically significant difference but not at a clinical level. This 
finding could be attributed to the differences in yttria content in which Zpex Smile had 9.3 
wt.%, and Zpex had 5.2 wt.%. Higher yttria content indicates a higher content of the cubic 
form of zirconia, which enhances the translucency property (Sulaiman, Abdulmajeed, 
Donovan, Vallittu, et al. 2015). 
In this study, the contrast ratio was evaluated using flat specimens of a uniform 
thickness. Future investigation should be performed directly on an anatomical restoration 
for better clinical relevance.  
           
4.1.2 Effect of Sintering on the grain size of Tosoh Zirconia 
In this study, the grain size of zirconia increased with increasing sintering 
temperature. The largest grain size was seen with Zpex Smile when it was sintered to 
1600 °C, and the smallest was seen with Zpex at 1300 °C. This result is in agreement 
with a study done by Stawarczyk et al. they investigated the effect of sintering 
temperatures on the flexural strength, contrast ratio, and grain size of zirconia and found 
that the grain size of zirconia increased with sintering temperatures greater than 1,300 °C, 
and attained the highest results at 1,700 °C. Also, they found that specimens with a final 
sintering temperature above 1,600 °C were accompanied by a hollow opening in the 
zirconia microstructure. (Stawarczyk et al. 2013)        
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There is a significant statistical difference in the mean grain size between Zpex Smile 
(1.100 μm), and Zpex (0.415 μm). This difference may be due chemical composition and 
variation in yttria content. 
 
4.1.3 Effect of Sintering on flexural strength of Tosoh Zirconia 
Simulating pure bending and preventing edge loss can be achieved best using the 
piston-on-three ball method for testing the biaxial flexural strength, as the samples in this 
technique are resting on stainless-steel balls which form a smaller diameter than the 
sample itself. (Ebeid et al. 2014) 
In the present study, statistically significant differences were found among the 
groups based on the results of Biaxial flexural strength. Group “Zpex Smile,” which has a 
higher yttria content than the Zpex Zirconia, produced the lowest mean biaxial flexural 
strength. Increasing yttria content increases the cubic phase, and tetragonal-cubic hybrid 
zirconia is more brittle and weaker compared to its tetragonal counterpart (Y. Zhang 
2014). 
The flexural strength of the groups presintered with a long cycle was found to be 
significantly higher than that exhibited by the short presintering cycle. In the presintering 
step the binder is eliminated, and If the heating rate is too fast, the elimination of the 
binder and associated burn out products can cause cracking of the blanks. Slow heating 
rates are therefore favored (Denry and Kelly 2008) 
Our results showed that the highest fracture strength was seen for zirconia 
sintered between 1,450 °C and 1,600 °C. However, sintering temperature at 1,300 °C 
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showed the lowest mean flexural strength. This was not in agreement with Stawarczyck 
et al. who found no significant differences in the biaxial flexural strength of zirconia core 
material when the sintering temperature was raised from 1400 °C to 1550 °C. However, 
the flexural strength significantly decreased above and below these 
temperatures.(Stawarczyk et al. 2013) 
In a similar study by Jiang et al., they concluded that raising the sintering 
temperature above 1550 °C will cause migration of the yttrium to the grain boundaries 
thus lowering the zirconia biaxial flexural strength  (Jiang et al. 2011). The differences 
between the study results could be explained by different brands of zirconia, specimen 
dimensions, test conditions, and the range of temperatures used. 
This study has limitations. First, only two zirconia powders were used. The results 
may not apply to other brands with different grain sizes, and different manufacturers may 
have special recommendations for sintering zirconia. Second, we have used static in vitro 
tests. Dynamic fatigue tests are more representative of clinical masticatory forces, and 
further in vitro and in vivo tests are required. 
 
4.2 Effect of coloring on the contrast ratio of Monolithic translucent zirconia: 
Esthetic demand is increasing for monolithic zirconia restorations. Fabrication of 
monolithic restorations with the proper translucency, shade, and opalescence is essential 
for matching to the adjacent teeth and for a natural-looking appearance as well. The 
effect of the different shades and brands of coloring liquid applications on the 
translucency of monolithic translucent zirconia was evaluated in this part. 
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Our study demonstrated a significantly higher contrast ratio for uncolored Bruxzir HT, 
Crystal diamond Zirconia and Zirkonzahn translucent, as compared to Zenostar Zr 
translucent when measured under standardized conditions. The difference in the 
translucency is not very high and may not be perceived by the eye but it is statistically 
significant. 
The Monolithic Zirconia materials obtained from different manufacturers are 
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP). The translucency of 
polycrystalline ceramics is affected primarily by differences in grain size, second- phase 
inclusions, amount of porosity or the discontinuity of refractive indices at the grain 
boundary. (Kanchanavasita et al. 2014). 
Numerous efforts were made to control the variables that could affect the 
measurement of the contrast ratio. Variables related to the material itself, to the specimen, 
or to the measurement procedure such as crystal structure, surface texture, material batch, 
and specimen thickness can affect the translucency.  
According to Sulaiman et al. there is an inverse relationship between translucency 
and thickness of monolithic zirconia (Sulaiman, Abdulmajeed, Donovan, Ritter, et al. 
2015). In our study, a thickness of 1.5 mm was used with all of the materials. A reduced 
thickness can be used as in a study done by Nakamura et al. they indicated that a 
monolithic zirconia crown with a minimum thickness of 0.5 mm could be used in the 
molar area without risking fracture (Nakamura et al. 2018). 
Contrast ratio was measured after coloring the monolithic zirconia material with 
two different coloring liquids of the same brand, Tanaka and two different shades (A2, 
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D3). It showed that there is a significant effect of coloring liquid shade and brand on 
contrast ratio. The highest contrast ratio was seen when monolithic translucent zirconia 
materials were immersed in Tanaka shade D3. 
Spyropoulou et al. stated that Shaded zirconia was partially translucent. A mean 
CR between 0.877 and 0.880 was measured on 0.6-mm thickness shaded disks of Nobel 
Procera zirconia, depending on the shade. The authors concluded that the shaded zirconia 
is partially translucent, and varying the shade does not clinically affect the translucency 
(Spyropoulou et al. 2011) 
Shah et al. showed that doping with metal oxides can modify color, density, grain 
size, and the total amount of open porosity of 3Y-TZP specimens (Shah, Holloway, and 
Denry 2008).  
A study done by Huang et al. showed that different oxides can be used to modify 
L*, a*, and b* color parameters. Five types of oxides (Er2O3, CeO2, Pr6O11, Fe2O3, and 
MnO2) were added in different combinations to raw zirconia powder to investigate their 
effect on the final color of zirconia (H. Huang et al. 2007). 
The difference in results may be related to the coloring technique. The 
manufactures’ recommendations for coloring Bruxzir HT, and Crystal diamond Zirconia 
were immersion for a specific time in their coloring liquid while Zenostar Zr translucent 
and Zirkonzahn translucent were brushed on for a number of times.  
There are several limitations this in vitro study. The first limitation is that 
consistent application of coloring liquid to the samples was difficult to control. Second, 
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flat discs were used to measure contrast ratio, and our results may differ from those for 
actual prostheses. Additional evaluation of definitive prosthetic structures is necessary. 
 
4.3 Effect of coloring on flexural strength of Monolithic translucent zirconia: 
This part of the study evaluated the flexural strength of four different 
commercially available monolithic translucent zirconia materials when subjected to 
different coloring liquids before sintering.  When comparing means, the order for mean 
flexural strengths (MPa) from lowest to highest was as follows: Zenostar translucent 
(906.384 MPa), Zirkon Zahn translucent (1153.88 MPa), BruxZir HT (1370.15), Crystal 
Zirconia (1391.01 MPa).  The statistical analysis of these numbers showed that Zenostar 
translucent flexural strength was significantly lower than that of all other zirconia 
materials. Direct value comparison to previous studies is difficult as there are differences 
in the materials, methodology and specimen configuration. No matter which flexural 
strength test was used, zirconia appeared to be the strongest, with a flexural strength of 
800 – 1200 MPa (Denry and Kelly 2008). 
The results of this study revealed that the immersion of the zirconia in coloring 
liquids negatively affected the flexural strength of the test specimens.  The decrease was 
statistically significant when it was colored with Tanaka coloring liquid but not when it 
was colored with the coloring liquids matched the manufacturer of the zirconia. The 
addition of metal oxides for zirconia coloring may cause microstructural and 
crystallographic alterations, which in turn can affect the mechanical properties of the 
zirconia.  Shah et al. reported that coloring with metal oxides increases the grain size of 
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zirconia and that increasing the concentration of metal oxides decreases flexural strength 
(Shah, Holloway, and Denry 2008). 
Ardlin evaluated the effects of coloring liquid on the mechanical properties of 
zirconia and hypothesized that the inclusion of Fe2O3, Bi2O3, and CeO2 increased the 
flexural strength of zirconia material  (Ardlin 2002).  
Sedda et al. and Shah et al. stated that it was possible to change the color of the 
zirconia to the desired shade by using coloring liquids at low concentrations, without any 
major change in mechanical properties. It shows that using coloring liquid is very critical   
(Sedda et al. 2015; Shah, Holloway, and Denry 2008). 
The varying responses to coloring procedures that have been stated could be 
attributed to differences in the zirconia block used in the different studies, the chemical 
composition of the coloring liquid and the use of alternative coloring techniques.  
The chemical composition of coloring liquids was not evaluated in this study, and 
a single shade of coloring liquid (A2) was used for comparisons. Hjerppe et al. studied 
the effect of green-stage color infiltration on biaxial strength and surface microhardness 
of ICE Zirkon blocks. They reported a significant reduction in flexural strength in 
comparison to the control group when staining was performed except when it was 
colored with shade D3 (Hjerppe et al. 2008). The results of the present study were limited 
to a single shade of coloring liquid (A2). Considering these observations, further 
investigations into the effects of a broader range of coloring liquids are required. 
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Green-stage color infiltration was performed strictly following the time indicated 
by the manufacturer.  A few studies reported decreased flexural strength as a result of 
increased dipping time (Q. Liu et al. 2010; Hjerppe et al. 2008).  
The three-point bending test with a bar shape was used for testing the flexural 
strength of our samples. The test is mostly dependent on the surface finish of the 
specimen edges and the presence of flaws there will affect the reliability of it. 
Furthermore, it is not totally representative of the actual clinical situation. and clinical 
studies should be performed to assess the behavior of shaded zirconia under in vivo 
conditions, especially for long-term use.  
One of the limitations of the current study was that the samples were not 
subjected to any aging cycles before testing. Different results might be reported after 
aging. 
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CHAPTER 5: CONCLUSIONS 
 
Within the limitations of this in vitro study, the following conclusions can be drawn: 
1- The contrast ratio of Zirconia Zpex disc is significantly greater than Zirconia 
Zpex Smile disc. 
2- There is a significant difference in contrast ratio between the short and the long 
presintering cycle. 
3- There is a significant difference in contrast ratio with final sintering temperatures 
of 1300 °C, 1450 °C and 1600 °C. 
4- The Final sintering temperature and material have a significant effect on the grain 
size. Also, the interaction between material and final sintering temperature factors 
is significant 
5- The grain size of Zirconia Zpex smile discs was significantly greater than the 
grain size in Zirconia Zpex discs. 
6- There is no significant difference in the grain size between the short and long 
presintering cycle 
7- There is significant difference in the grain size at different final sintering 
temperatures. 
8- The biaxial flexural strength of Zirconia Zpex discs is significantly higher than 
Zirconia Zpex Smile discs. 
9- There is significant difference in the biaxial flexural strength between the short 
and long presintering cycles. 
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10- There is a significant difference in biaxial flexural strength with final sintering 
temperatures of 1300 oC, 1450 oC and 1600 oC. 
11- The contrast ratio of Bruxzir HT, Crystal diamond Zirconia and Zirkonzahn 
translucent is significantly greater than Zenostar Zr tanslucent 
12- There is significant difference in contrast ratio with different shade and coloring 
liquid brands. The highest contrast ratio was seen when the material was colored 
with Tanaka shade D3. 
13- The flexural strength of Bruxzir HT and Crystal diamond Zirconia is significantly 
greater than Zenostar Zr translucent and Zirkonzahn translucent. 
14- There is significant difference in flexural strength when Zirconia was dipped with 
Tanaka coloring liquid and when it is not. The highest flexural strength was seen 
when the material was not colored. 
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